Panthera atrox is an extinct lion from the Pleistocene of North America that is one of the largest felids that has ever existed. Previous reconstructions have always relied on composite specimens, and there are no known specimens that preserve soft tissues. Here we present a reconstruction of the most complete P. atrox specimen discovered to date, from which we calculate key biological parameters including body mass. Using previously published scaling equations we estimate the size of the musculature of the limbs and vertebral column. Muscles from a modern lion were scaled to the expected sizes and placed on the skeleton. The body and the limbs were digitally reconstructed (using a convex hulling method) from the skeleton before this method was repeated with the muscled limb segments. Our results from repeating this approach for a modern lion show that the combined muscle and bone convex hull reconstructions are the most accurate for reproducing the limb dimensions, including centres of mass, of large felids. From the reconstructions it is also possible to estimate the body composition of P. atrox, which allows for the most complete soft tissue reconstruction of this extinct species, including biomechanical properties of the limbs.
INTRODUCTION
Soft tissues seldom are preserved during the fossilisation process, and, as such, most reconstructions of fossil taxa must be based, in terms of direct evidence, solely upon the skeletal remains. Those remains can be incredibly useful for reconstructing myology as the muscles often leave scars on the bone where they attach (Witmer, 1995) . However, not all muscles are sufficiently large to produce muscle scars, or they may share similar or obscure attachment sites that can make them difficult to locate (Bryant and Seymour, 1990) . For these ambiguous muscles, it may be possible to reconstruct soft tissues based on their presence/ absence and qualitative or relative positions using the extant phylogenetic bracket (EPB) approach (Witmer, 1995) . However, this method cannot calculate how large the muscles may be in the extinct species, or accurately estimate other quantifiable aspects of their anatomy. Various methods may be used to constrain muscle sizes, e.g., using the bony margins of their attachments and their pathways relative to other muscles (Hutchinson et al., 2011; Allen et al., 2013; Lautenschlager 2013; Persons IV et al., 2013; Cuff and Rayfield, 2015) . However, it becomes more difficult to estimate muscle boundaries when there is no outer limit on the size of the muscles. Using convex hulls (e.g., Basu et al., 2016) or non-uniform rational bsplines (NURBs) (e.g., Bates et al., 2009 ) it is possible to estimate muscle volumes, but doing so incurs additional uncertainties from assumptions of the volume reconstruction methods. Thus advances in the area of soft tissue reconstruction, especially quantitative methods that can also address uncertainties, are important.
Panthera atrox (Leidy, 1853) , the "American lion," was a large felid that lived in North America during the Pleistocene epoch before going extinct at the end of the last ice age, approximately 11ka. Panthera atrox was derived from a Beringian population of P. spelaea (cave lion) evolving around 337ka (Barnett et al., 2009) , with both species splitting from P. leo around 1.89Ma (Barnett et al., 2016) . P. atrox has gained much attention over the last few decades due to the size of some of the specimens, with body mass estimates from the largest specimens ranging from 350 kg-420 kg (Sorkin, 2008) , making the species one of the largest felids ever to have lived. However, due to the limited number of articulated or associated specimens, reconstructions have been based on composite specimens.
Here we outline a simple method for virtually reconstructing entire postcrania from CT scans using a well-preserved Panthera atrox specimen. Using muscle scaling equations from Cuff et al. (2016a Cuff et al. ( , 2016b for extant felids, we were able to estimate muscle and tendon masses and lengths for the individual. Digital representations of actual muscles from an Asian lion were then scaled so that the dimensions of the locomotor musculature of the limbs and vertebral column were reconstructed and could be placed in the appropriate positions as determined from dissections of living relatives via the EPB method. We also check how well our muscled restorations match the results of different convex hull methods applied to regions of the body.
METHODS
Page Museum specimen LACMP23-555 is a remarkably well-preserved skull and postcranial skeleton of Panthera atrox from the La Brea Tar Pits (Project 23-1), dating to approximately 35 ka (Fuller et al., 2014) . The remains consist of a complete skull, complete limbs (minus manus and pes), girdles (although scapulae and pelvis are damaged), and a relatively complete vertebral column up to the caudal vertebrae (minus thoracic vertebrate T1, T5, T7, and T10). All of the bones were microCT scanned at The Aerospace Corporation (El Segundo, California, USA), with a GE Phoenix c/tome/x scanner (all scans 200 kV, 80 mA, voxel size = 0.24x0.24x0.24 mm). For the reconstruction, primarily the bones of the left side and axial skeleton (Appendix 1 for complete list) were segmented from the scans in Mimics 16.0 software (Materialise NV, Leuven, Belgium), to export .stl files representing each bone. In the case of multiple scans for individual bones (the skull and all long bones), multiple .stl files were exported, which were then merged in Meshlab 1.3.3 software (Visual Computing Lab, ISTI -CNR, Pisa, Italy) using the "Align" function. Where bones from the right side were used, these were mirrored to the left side in Meshlab to produce a complete left side of the skeleton.
The missing thoracic vertebrae T1, T5, and T7 were copied from the adjacent T2, T4, and T6 bones, respectively, as these were determined to be most similar in other felids (Randau et al., 2016) . Vertebra number T10 is not present in the specimen, so this vertebra was replaced with the T10 of another specimen (LACMP 2458-19 ) of comparable size. The remainder of the bones from the left hand side (manus, pes, sternum, ribs, caudal vertebrae) were segmented from an Asian lion (Panthera leo persica) that had been scanned at the Royal Veterinary College using a Lightspeed Pro 16 CT scanner (GE Medical Systems) to obtain helical scans for the individual limbs and vertebral column (120 kV, 100 mA; resolution of 0.96x0.96x1.25 mm), and scaled isometrically from the 133 kg Asian lion to the estimated 207 kg body mass for this specimen of P. atrox (average from condylobasal length of 0.326 m (Mazák et al., 2011) and femoral length of 0.404 m -from the allcarnivoran equation (Anyonge, 1993) , estimates of 195 kg and 219 kg, respectively). These methods were chosen rather than using bone circumferences as it has been noted that P. atrox has relatively robust bones for their length (Sorkin 2008) , and using the felid-specific equations from Anyonge (1993) lead to estimates of maximal P. atrox masses potentially exceeding 600 kg. Recent works produce much lower maximal body mass estimates for P. atrox (Sorkin, 2008 -420 kg; Christiansen and Harris, 2009 -351 kg) . Whilst there are issues with averaging two bivariate regressions (for an in depth discussion Smith, 2002 and references contained therein), we do not know which of the regressions is more reliable so we used the average of the two regressions as a guide. Those regressions' estimates of 195 kg and 219 kg body mass differ by about 12%, which we viewed as plausibly close enough to warrant averaging them, given other potential sources of biological variation and methodological errors.
The finished .stl files for all of the bones were imported into Meshmixer 10.9.332 software (Autodesk, Inc.) where they were all manually aligned into a biologically plausible position based on the approximate standing posture of extant felids. The complete limbs were mirrored to create the right side and then aligned to the skeleton.
The Asian lion (National Museums of Scotland specimen NMS.Z.2015.128) was CT scanned with the muscles intact, and, despite having no contrast staining with Lugol's iodine (Kelly, 1961; Jeffery et al., 2011) , we were able to segment all of the muscles from the left limbs (Figure 1 ). We were not able to segment the individual muscles of the vertebral column, so a gross segmentation of the cervical, thoracic, and lumbar regions of muscles was conducted. Using the scaling equations (inserting the 207 kg body mass estimate) from Cuff et al. (2016a Cuff et al. ( , 2016b , the muscle belly length (i.e., length of the main striated muscle portion of the muscle-tendon unit, along its line of action) for each of the muscles was estimated for Panthera atrox. The expected muscle masses were also calculated from the Cuff et al. (2016a Cuff et al. ( , 2016b nonphylogenetic scaling equations (Appendices 2-13). The dataset from Cuff et al. (2016a Cuff et al. ( , 2016b has no large non-pantherine species and as such using the phylogenetic correction would likely reduce any real allometric signals; this could be particularly problematic due to P. atrox being a very large felid. Regardless, most muscle lengths and masses across the postcrania of felids scale (indistinguishable from) isometrically -whether or not phylogeny is accounted for -so the results are unlikely to differ greatly depending on which equation is chosen. The segmented muscles were individually scaled to match the predicted muscle length. Because the mass for each muscle and the corresponding .stl file was known from dissection of the P. leo specimen, and mass is proportional to volume (assuming density is the same for both muscles), after the length was scaled the two remaining dimensions were then scaled identically so the mass of each muscle matched that predicted from the scaling equations:
Eq 1: Mass P. atrox = Mass P. leo x length scale factor x width scale factor 2 This method was repeated for any tendons, where possible. However, the soft tissue contrast in the microCT scan images was often insufficient to separate tissues in the distal limbs, particularly for the long and relatively thin tendons. Thus most of the distal muscles lacked complete tendons in the resulting .stl files. For those distal muscles for which there were no easily segmented tendons, the tendons were recreated by extending a section of the muscle belly so that the length and mass of each tendon matched the mean lengths and masses expected from the scaling equations of Cuff et al. (2016a Cuff et al. ( , 2016b . All of the scaled muscles and tendons were then placed on the left side of the P. atrox reconstructed skeleton in the appropriate positions using any evident muscle scarring patterns on the bones and the origins and insertions observed during dissections of extant species, before mirroring to the right side (as with the bones) in Meshlab.
We attempted to compare the body and segment mass estimates from convex hull models based on the reconstructions using just the skeleton and using the fully-fleshed model. This was done by using the "convex hull" filter within Meshlab for the skeletal elements from each of the body segments (e.g., Basu et al., 2016) . Body mass estimates were calculated from the sum of all masses from the complete set of convex hulls using a 4 range of densities from 893.36 kg m −3 multiplied by 1.091 to 1.322 (i.e., 974.7 kg m −3 to 1181 kg m −3 -a correction factor due to the underestimation of limb masses) (Sellers et al., 2012) . In addition to total body mass estimations, convex hull estimates were made of the individual limb segments and compared to the values from the reconstructions. Finally estimations of segment masses were carried out using the same convex hull methods, but applied to the fully fleshed model for the limb segments rather than to the isolated bones. These data were validated by repeating the methods for a modern lion's left limbs, with the total volumes for each limb segment being isolated from CT scan data, and multiplied by a density of 1060kg m -3 .
RESULTS AND DISCUSSION
Although the resulting skeletal reconstruction was, necessarily, a composite using some elements from either another Panthera atrox individuals or the cadaver of P. leo, it is the most complete scientific reconstruction of a single P. atrox specimen to date (Figure 2) . Combined with the skeletal reconstruction, dissections of related species, and recent analyses of felid muscle scaling, the muscles could be reconstructed (Tables 1-3 ) and placed onto the skeleton ( Figure 3 ). As somewhat of a "best case" scenario for reconstructing an extinct animal's morphology, we used the musculature of a modern lion (phylogenetically the closest relative of P. atrox among extant felids, with less than 1.89 Ma separating them) and scaled the muscles to the predicted size using the scaling equations. These muscles, when scaled, generally matched the osteology very well (e.g., the scapular muscles of the m. infraspinatus and m. supraspinatus tightly bound by spinous process of the scapula, or the limb muscles closely wrapping the bones without intersecting each other or the bones). This good fit of the muscles to the skeleton might not be the case if the reconstructions were carried out on more distantly related taxa such as Smilodon, which is separated from all extant felids by >20 Ma. Nonetheless, this whole-body reconstruction allowed presumably improved estimates of body segment dimensions (e.g., masses, centres of mass, moments of inertia) for this individual, and could also be applied to related species in the future.
The muscle reconstructions were derived in part from body mass, so they will be sensitive to which method is used to estimate body mass. The 207 kg body mass used here was derived from equations that give mass estimates from 195-219 kg -a range of 24 kg (around 12% of body mass). Using the two estimates for body mass, the calculated estimates for muscle and tendon length differed by around 4%, and the muscle and tendon masses varied by around 12%. However, the source of greater uncertainty in the muscle and tendon estimates was the scaling equations, which for some metrics had particularly large error margins (linked to the small number of individuals sampled by Cuff et al., 2016a Cuff et al., , 2016b . For those muscles, unrealistic predictions may occur (Appendices 2-13 for 95% confidence intervals for all muscles and tendons). Post hoc adjustments were made for those muscles by using the origin and insertion points to obtain lengths that matched the skeleton best. In particular, the m. brachioradialis muscle's belly length was predicted to be 2.41 m long (Table 1) , but from insertion and origination points was actually reconstructed at 0.275 m long, and the m. rectus femoris tendon length was predicted to be 0.65 m long, but was reconstructed as 0.060 m. This is also the case with some of the vertebral muscles (e.g., the estimated length of m. semispinalis capitis biventer was almost double the length of the entire Panthera atrox skeletal reconstruction), but the individual vertebral muscles could not be individually segmented from the CT scans.
Our method developed here for whole-body reconstruction of Panthera atrox is based on the usage of scaling equations that relate bone dimensions and body mass, permitting estimation of the latter. These equations have been shown to be FIGURE 2. Skeletal reconstruction showing the original bones from Panthera atrox and those which have been copied from other vertebrae (red), or from P. leo persica (blue). 1, lateral; 2, dorsal; 3, anterior views. Scale bar is 50 cm. (Anyonge, 1993; Mazák et al., 2011) and by using them we also produced a reasonable estimation for body composition (Table  4 ) compared to modern P. leo. The musculature of extant lions accounts for (on average) 57.1% of total body mass, then the remainder of body mass is 11.5% skin, 12.4% skeleton, 11.8% organs, about 4.6% blood and waste, and 2.7% fat (Davis, 1962) . For P. atrox, the muscles and their respective tendons reconstructed from the scaling equations of Cuff et al. (2016a Cuff et al. ( , 2016b correspond to 84.4 kg in mass (40.8% of total body mass calculated from the bone regression). Of course, other muscles (e.g., abdominal, intercostal, hyomandibular, and various intrinsic muscles of the manus, pes, and skull) would add to the muscle mass further. However, it would be surprising if there was another 16.3% of body mass in this remaining musculature as this musculature only corresponds to approximately 2-3% of total mass in domestic cats (Grand, 1977) . This discrepancy may be due to the different methods of preparation between Cuff et al. (2016a Cuff et al. ( , 2016b , where individual muscles were dissected, and Davis (1962) , which does not appear to have removed extraneous connective tissues and intermuscular adipose tissues. This suggestion is somewhat supported by the relatively low body fat content of lions (2.7%) estimated by Davis (1962) , relative to those reported for other felid species for which data are available (domestic cat: 20.9% (Lauten et al., 2000) -24.4% (Munday et al., 1994) ; Lynx spp. 15 -16% (Pitts and Bullard, 1968) ). Convex hull models have been used recently to reconstruct body segmental shapes and estimate body masses for skeletons with no preserved soft tissues (e.g., Sellers et al., 2012; Basu et al., 2016; Bates et al., 2016; Brassey et al., 2016) . The convex hull model for the entire skeleton of P. atrox produced a volume of 0.185 m 3 (Figure 4 ). Using the range of potential densities (Sellers et al., 2012) , the body mass estimates varied from 180 kg to 219 kg. The mid-point of these two extreme ranges is 200 kg, only a few kilograms away from the ~207 kg estimate obtained from the bones, which is unsurprising as the composite bones were scaled to the 207 kg estimate. However, as convex hulls tend to underestimate total volumes, methods for estimating masses from them are heavily reliant on the density values used (e.g., a density of 1359 kg m −3 from Brassey and Sellers (2014) , which they calculated to be the apparent density for convex hull models for non-primate mammals, would produce a very different estimate of 251 kg for the uncorrected convex hull of this Panthera atrox specimen). Whilst convex hull models can produce realistic estimates for total mass, they will produce TABLE 3. Vertebral muscle belly and tendon lengths and masses as predicted from Cuff et al. (2016a, b regional variability, with the limb masses generally underestimated, and the core body overestimated (Sellers et al., 2012; Brassey and Sellers, 2014) . The muscled reconstruction of P. atrox showed how much variability was obtained for the limb morphology ( Figure 5 ). On the modern lion, convex hull-based models of the bones produced segmental estimates that were up to 3.7 times and 5.23 times smaller than the masses of the muscles and bones in the proximal sections of the fore-and hindlimbs, respectively (Table 5) . However, using reconstructed muscles and bones together still underestimated total limb mass by a factor of 1.3-1.8 (Table  5 ) due to the lack of connective tissues, blood vessels, nerves, adipose tissue, and skin. This discrepancy could be compensated for by producing a convex hull model of the limb over the muscled reconstructions, which produced mass estimates that were within 8% of the actual fleshed limb segments (Table 5) , rather than producing the original 30-80% underestimates. For any biomechanical model of a species it is important to understand more than just the masses of the segments, but also the segmental centres of mass and moments of inertia, all of which determine how the segments might have moved (Allen et al., 2009 (Allen et al., , 2013 . The convex hull models of the muscled limb segments for Panthera leo produced centre of mass (COM) estimates that were very close to those from CT scan segmentation in terms of absolute distances, and percentages of segment length (Table 6 ), suggesting this method of recon- (Davis, 1962) . "Muscle recon" is the sum of the reconstructed forelimb, hindlimb, and vertebral muscles. Additional muscle is the remaining expected muscle using the body compositions for modern lions (Davis, 1962) i.e., 57.1% -"Muscle recon". structing limb segments is comparable to the original fleshed limb. From our reconstructions of the limb segments for Panthera atrox, the mass estimates from the convex hulls over the bones relative to the muscle and bone masses are comparable to those of P. leo (Tables 5 and 7 ). This result supports the conclusion that the convex hulls over the reconstructed muscles will also be similarly accurate for P. atrox as they were for P. leo. For the hindlimbs, the percentage of the total mass for each segment was very similar to those of domestic cats, but the forelimb segments in P. atrox were almost double the typical mass measured in domestic cats (Grand, 1977) . As the muscle masses appear to scale isometrically in the forelimbs of felids (Cuff et al., 2016a) and there is only a few percentage points difference (in terms of total body mass) between the forelimb muscles of P. atrox and domestic cats, this increase in mass is probably linked to an increase in robustness of the bones (Sorkin, 2008; Doube et al., 2009 ) and may be correlated with the importance of the forelimbs to tackle prey in larger felids (Meachen-Samuels and Van Valkenburgh, 2009) . Considering the close concordance of centres of mass between the segmental convex hull reconstructions of P. leo and its CT scan segmentation (Table 6) , we can confidently reconstruct the limb segment COMs of P. atrox (Table 8) , as well as the moments of inertia (Table 9) . Additionally, we seemed to be able to more accurately estimate whole body COM, which is more posteroventrally located (5.2 cm posteriorly, 3.1 cm ventrally) in the muscled convex hull models than in models using just the skeleton (Figure 5) . By using empirical data from extant lions and other felids to reconstruct the muscles (and thus body segments) quantitatively, we were better able to reconstruct this fossil taxon in detail that was previously unobtainable.
Body

CONCLUSIONS
Our microCT scan data from one very complete skeletal specimen enabled a new reconstruction of Panthera atrox in more complete detail than before, although where there were incomplete data we had to use portions of closely related taxa, and thus our reconstruction is still a composite. Using data derived from dissections of extant felids spanning a range of body masses, it was possible to use regressions to estimate the size of the locomotor musculature of this specimen of P. atrox. These reconstructions allowed for more accurate esti-TABLE 5. Panthera leo limb segment masses from the different mass estimate methods. "Flesh" is the weight calculated for the segment volumes (multiplied by 1060 kg m -3 ) from CT segmentation. "Reconstruction" was based on the muscle and bone reconstruction, although muscle masses for the manus and pes were calculated as total tendon mass for distal muscles. Convex hull bones ("CHB") is the convex hull range of masses and the convex hull muscles ("CHM") is the convex hull range of masses from the muscled reconstructions. The masses for both convex hull methods were calculated from the volumes using only the mean density [893.36 kg m −3 multiplied by 1.206 (Sellers et al., 2012) ]. Ratios of each of these estimates are shown in the final four columns on the right side of the table. Dig_Man = digits of the manus, Dig_Pes = digits of the pes. TABLE 6. Centre of mass (COM) validation test for extant lion limb segments. "Original COM" was derived from CT scan data for each segment, "CHM COM" from the convex hull models fitted to the muscled limbs, and "Difference" is the "Original COM" minus "CHM COM". Italicised numbers are long axis lengths from which the percentage (%) of segment lengths were calculated. Positive x, y, and z are anterior, dorsal, and medial, respectively, relative to the origin at the proximal end of the segment. Centre of mass (COM) was expressed as % of length (from the proximal end) relative to the total proximodistal length of the segment. Table 4 ) divided by total bone volume (0.0223 m 3 ). Muscle mass was calculated from the muscle and tendon that forms the majority of the segment (e.g., M. biceps brachii has tendons that extend to the scapula and the ulna, but these are all counted to the mass of the humeral segment as that is the majority of the muscle and tendon) (Tables 1-3) , with tendons for the distal muscles being placed in the manus and pes segments. Convex hull bones' (CHB) and convex hull muscles' (CHB) masses were calculated from the volumes multiplied by relative density (893.36 kg m −3 multiplied by 1.091, 1.206, and 1.322 (Sellers et al., 2012) respectively). Dig_Man and Dig_Pes are the digits for the manus and pes, respectively. The Recon/CHB is the ratio of reconstructed mass to CHB mass, and CHM/Recon is the ratio of the CHM mass to the reconstructed mass. Rad = radius, Dig_Man = digits of the manus, Fib = fibula, Dig_Pes = digits of the pes.
TABLE 8.
Centre of mass for Panthera atrox limb segments. Positive x, y, and z are anterior, dorsal, and medial, respectively, relative to the origin at the proximal end of the segment. Centre of mass (COM) was expressed as % of length (from the proximal end) relative to the total proximodistal length of the segment. mates of limb masses (and the centre of masses of individual segments) from convex hull modelling than previous methods using just the bones. We supported this presumption by conducting validation tests on a modern lion's body segments, using multiple methods. By doing the reconstructions of the skeleton, segmental inertial properties, and in combination with the musculature data, it was possible to create a full musculoskeletal reconstruction. In addition, our reconstructions of the musculature allow for body composition estimates for P. atrox for the first time. Whilst the reconstruction here was carried out mainly in freely available software (e.g., Meshlab) with licensed software used only for the CT scan segmentation, it is entirely possible to carry out future reconstructions only in open source software (e.g., SPIERS; Sutton et al., 2012) , expanding the accessibility of this methodology to researchers worldwide.
APPENDIX 1.
Element and specimen numbers for the reconstruction of Panthera atrox. Scaling equations for the vertebral muscles from Cuff et al. (2016a Cuff et al. ( , 2016b and calculated muscle belly lengths for the mean, lower, and upper bounds of muscles for Panthera atrox. Longis. = longissimus, Iliocost. = iliocostalis, Multifid. = multifidus.
Specimen number Element
APPENDIX 11.
Scaling equations for the vertebral muscles from Cuff et al. (2016a Cuff et al. ( , 2016b and calculated tendon lengths for the mean, lower, and upper bounds of muscles for Panthera atrox. Scaling equations for the vertebral muscles from Cuff et al. (2016a Cuff et al. ( , 2016b and calculated muscle belly masses for the mean, lower, and upper bounds of muscles for Panthera atrox.
APPENDIX 13.
Scaling equations for the vertebral muscles from Cuff et al. (2016a Cuff et al. ( , 2016b and calculated tendon masses for the mean, lower, and upper bounds of muscles for Panthera atrox. Longis. = longissimus, Iliocost. = iliocostalis, Multifid. = multifidus. 
